The climate impacts of three fleets of supersonic small-scale transport aircraft (S4TA) are simulated. Based on characteristic aircraft parameters, which were developed within the EU-project HISAC, emissions along geographically representative trajectories are calculated and in addition the resulting changes in the atmospheric composition (carbon dioxide, ozone layer, water vapour) and climate (near surface global mean temperature) are deduced. We assume a fleet development with an entry in service in 2015, a full fleet in 2050. The results show a temperature increase of 0·08mK (0·07-0·10mK) with only small but statistically significant variations between the configurations, leading to a minimum climate impact for a weight optimised and hence lower flying aircraft. A climate impact ratio of 3·0 ± 0·4 between a S4TA and its subsonic counterpart is calculated, which is considerable less than for previous supersonic fleets because of a lower flight altitude, leading to smaller water vapour impacts.
HISAC S4TA AIRCRAFT FAMILIES
shows the common requirements on which the three families are based on. Individual characteristics of the families are given in more detail in Table 2 and Fig. 1 . A detailed description of the design process can be found elsewhere (www.hisacproject.com).
The long range aircraft B and the low boom aircraft C are considerably larger than configuration A, whereas configuration B is considerably heavier (MTOW) than the other two configurations, partly due to the longer range, which requires more fuel (~5 tons). A cruise speed of Mach Number (MN) 1·6 is considered. 3.0 METHODOLOGY
Overview
A chain of methodologies and models are employed to estimate the impact of a fleet of S4TA. Specified engine data are used to estimate emission indices for surface conditions by applying correlation methods (6) . Aerodynamical aircraft data are employed to calculate the fuel consumption along individual trajectories. Correlation methods and emission indices, specified for surface conditions are then combined to calculate emissions along the flight trajectory, leading to 3D emission inventories. These are taken as input data for the simplified climate-chemistry model AirClim (5) . A parameter variation is performed to investigate the impact of uncertainties in atmospheric processes on the difference in climate response from the three S4TA fleets. The climate responses from CO 2 , water vapour and ozone are taken into account, which
INTRODUCTION
Air traffic is a part of human's mobility with an increasing rate in transport volume in the order of 5% per year from 1992 to 2005 (1) . Climate impact of current air traffic is contributing by 4·9% to global warming with a 90%-likelihood range of 2-14% (1) . This contribution to climate change is expected to grow further. The business jet sector is, though relatively small compared to passenger transport, currently even increasing at a rate of 8-10% per year (2) . Travel times play an important role, which implies a market for supersonic small-scale passenger aircraft.
Supersonic aircraft fly at a higher cruise level, deep in the stratosphere, which leads to a larger climate impact compared to subsonic aircraft, basically because of the increasing importance of water vapour emissions when increasing the cruise altitude (3, 4) . The ratio of the climate impact from a supersonic fleet to a respective subsonic fleet depends on the type of aircraft, e.g. cruise altitude, flight pattern, etc. An investigation for a passenger aircraft (250 pax, Mach 2, cruise level between 54 and 64kft) revealed a climate impact ratio of 6 with an uncertainty range of 3-12 (5) . This study also concluded that the difference between subsonic and supersonic business jets is very likely to be smaller than this factor of 6, because nowadays subsonic business jets already fly at a higher cruise level than normal passenger aircraft, which decreases the difference in cruise level between these two aircraft types.
Currently no supersonic passenger aircraft is flying routinely, whether small-or large-scale. Within the EU project HISAC, three aircraft families were designed, which were optimised with respect to low weight (family A), long range (family B) and low sonic boom (family C).
Impact on the atmosphere
The impact on the atmosphere is calculated by applying the AirClim (5) model and climate functions (6) , which represent the mean response of the AirClim model. AirClim is a model which comprises a linearisation of atmospheric processes from the emission to radiative forcing, resulting in an estimate in near surface temperature change, which is presumed to be a reasonable indicator for climate change. The model is designed to be applicable to aircraft technology, i.e. the climate agents CO 2 , H 2 O, CH 4 and O 3 (latter two resulting from NO xemissions) and line-shaped contrails are taken into account. AirClim combines a number of pre-calculated atmospheric data with aircraft emission data to obtain the temporal evolution of atmospheric concentration changes, radiative forcing and temperature changes.
A detailed description of AirClim can be found in Ref. 5 . The precalculated atmospheric data, which are the essential part of AirClim were derived with detailed climate-chemistry model simulations, in which emission regions with a normalised (= equal for all regions) emission strength (in mass mixing ratios per time) were defined. For each of the idealised emission regions, a climate-chemistry simulation (E39/CA (11) ) was performed employing normalised emissions of nitrogen oxides and water vapour to obtain their chemical responses, i.e. the simultaneous effects of nitrogen oxides and water vapour on chemical species like ozone and hydroxyl radicals. Then, in a second and third step chemical perturbations and radiative forcings of ozone, methane, and water vapour were calculated applying a state-of-the-art climate model. The results of these simulations represent the atmosphere's response to localised emissions. Any 3D emission field can then be decomposed into contributions from the idealised emission regions, which define a linear combination of response pattern, giving the 3D atmospheric response pattern. This response pattern resembles in great detail the results of sophisticated climate-chemistry models (5) , for larger perturbations as well as small changes in emission pattern, e.g., arising from flight altitude changes (12) . Note that this approach does not include a linear chemistry scheme, but a linearisation of the chemical response to a local emission. A detailed validation of the underlying climate-chemistry model can be found in Refs 13 and 11, showing, e.g. the excellent performance with respect to atmospheric water vapour concentrations in the lower stratosphere.
In order to estimate the climate impact of a fleet of S4TA, assumptions on the temporal evolution of the emissions have to be made. Table 4 summarises the main characteristics of the assumed fleet evolution. The results will scale linearly with flight movements. However, the individual times when individual aircraft are delivered and taken into service have an impact on the overall fleet development, which has a non-linear impact on the accumulation of CO 2 in the atmosphere. An exponential increase at a ~17% annual rate is taken into account. 
Uncertainty analysis
The abilities of current climate-chemistry modelling are limited. This investigation focuses on the impact of emissions in the stratosphere on chemistry and climate. Although the underlying model well simulates the evolution of the ozone layer (14) and stratospheric turn around times (13) , several uncertainties arise, which limit the accuracy of the results from climate-chemistry modelling. The most important uncertainties for this application are (4) : lifetime of a stratospheric represent the main contributors. Impacts from contrails are neglected, because a substitution of subsonic aircraft with supersonics leads to a negligible contrail climate change impact, since the contrail occurrence is shifted from mid latitudes to lower latitudes and lower altitudes to higher altitudes, which gives an almost zero net effect (7) .
Emissions for surface conditions
Two combustion chamber concepts are taken into account for the calculation of NO x emissions: A conventional (CONV) and a lean premixed prevapourised (LPP) combustion chamber. With these methods the range of possible NO x emission indices is fully covered:
The conventional combustion chamber is designed with a relatively large volume and represents a long existing technology. The LPP technology has been tested only in test beds, representing a near future option for low NO x emission engines. The methodology of calculating the emission indices has been fully described in Ref. 6 . Hence, only a summary is given here: For each engine a comparable reference engine from the ICAO data base is chosen. The emission indices at some operating points from the reference engine, which are available in the ICAO database, are converted into reference emission indices at the respective operating conditions by applying the DLR-Stöppler correlation method (see also Fig. 1 in Ref. 6 ). This converts the EINO x of the reference engine at the given operating points to the EINO x of the HISAC engine at the given operating points. The p3-T3 correlation gives then the emission index over the whole operating range of the regarded engine for surface conditions. Again, this method requires some engine internal data that has to be produced by, e.g., an engine performance programme and type-specific coefficients, which were derived based on emission measurements on a reference combustor.
Emissions along the trajectories
In order to calculate 3D emission inventories, i.e. emissions along trajectories, two steps are necessary. First, the fuel consumption is calculated along the trajectory. Second, emissions are calculated by the DLR fuel flow method (8) , based on the fuel consumption, atmospheric environment (temperature, pressure and humidity) and the emission indices for surface conditions (see Section 3.2), which depend on actual engine variables, like combustor inlet pressure, air fuel ratio, and primary zone temperature. See also Refs 6 and 9 for further details.
The impact on the atmosphere depends on the location of the emission with respect to latitude and height. Therefore, we have chosen four long-range flights, covering the main geographical regions: High latitudes, mid latitudes, tropical low latitudes, and Southern Hemisphere (Table 3 ). The investigation of the climate impact of S4TA would require an estimate of their flight movements. However, these are available for the US, only (10) . An extrapolation to worldwide movements is not feasible and emission inventories for normal passenger flights are not representative. Therefore, we use a simplified approach, by taking a combination of the four trajectories with the weighting 1:2:5:2 as an estimate for a global coverage. The NO x emissions peak at the same altitude as the fuel consumption (Figure 2, mid) . The NO x emission index is estimated to be between 10·5 and 12·0g. NO 2 per kilogram fuel. Earlier studies (HSRP, IPCC, and SCENIC) have estimated a theoretical possible emission index of around 5g/kg, whereas here, the results are based on expert knowledge from actual measurements of emissions in a test bed (6) . The conventional combustion chamber as characterised in the HISAC project is a 'worst case scenario', based on a large volume of the combustion chamber, representative for Concorde's technology. Combustion chamber technologies were not specifically addressed in the HISAC project. 
Temporal evolution and carbon dioxide
For the evaluation of the climate impact, it is essential to take into account long-term developments, because CO 2 , ozone and water vapour have very different impacts on different timescales. Instantaneous changes may be small for CO 2 compared to ozone. However, the atmospheric residence time of a CO 2 perturbation is considerably larger. To take this into account, an emission evolution from 1940 to 2100 has been developed on the basis of SCENIC (4) , which takes into account a first use of a supersonic configuration in 2015 and a full fleet in 2050. The fleet is kept constant between 2050 and 2100 (see also Table 4 ). Figure 3 shows the temporal development of the CO 2 emissions from the whole subsonic SCENIC fleet (blue), the SCENIC mixed fleet (red) and the HISAC fleet (green) (values before 1990 are omitted in the Figure for illustration purpose).
water vapour perturbation, strength of ozone depletion due to NO x emissions, radiative forcing of a water vapour perturbation and the climate sensitivity of a perturbation of radiative active gases (greenhouse gases).
Estimates of the uncertainty range exist to all of those parameters (4) . Multiple simulations with AirClim are performed by parameter variation to investigate the impact of these uncertainties on the results. This leads to a best estimate of the climate impact (near surface temperature change) of a S4TA fleet by the year 2100 and an uncertainty range.
The uncertainties are related to atmospheric processes and are independent from the aircraft configuration. Since the difference in the climate impact of aircraft configurations is in the focus of this investigation, more information is obtained by a parameter variation on the temperature difference. The difference in climate impact between the families is calculated as the relative change with regard to the mean of all three fleets. For a parameter setting p, the absolute temperature change ΔT X (p) for a family X is calculated and the relative change ΔT X rel (p) determined:
Parameter ranges are taken as minimum-maximum ranges according to Ref. 5: The parameters vary between ±10% to ±50%.
With this approach statistically significant changes can be detected, although the uncertainty of the mean values might be large.
ATMOSPHERIC IMPACT OF A S4TA FLEET
In this section, we present the results with regard to emissions, changes in the atmospheric concentration, and respective changes in climate for the three regarded fleets of S4TA families.
Emissions
The fuel consumptions of the three fleets of configuration A, B and C are shown in Fig. 2 (left) . They resemble the differences in aircraft design, i.e., weight, L/D, etc. However, the general shapes of the profiles are similar. Mean values are given in Table 5 . Taking into account 250 aircraft with 100 flights per year each, this sums up to 0·4Tg fuel per year (Table 5) , clearly less than for large passenger aircraft considered in previous programs, e.g. SCENIC (4, 5) A parameter variation leads to an uncertainty range of 0·07mK to 0·10mK. Around 50% of the climate impact arises from CO 2 emissions, 20% from water vapour and 30% from ozone. Here we neglect impacts from contrails, because a substitution of subsonic aircraft with supersonic leads to a negligible contrail climate change impact, since the contrail occurrence is shifted from mid latitudes to lower latitudes and lower altitudes to higher altitudes, which gives an almost zero net effect (7) . The climate impact of the scaled SCENIC fleet is double as large. The difference to the HISAC fleets occur solely from non-CO 2 effects, namely water vapour, which stronger accumulates, when emitted at higher altitudes (see also below).
Minimal impact
The difference between the three S4TA fleets with respect to the climate impact is small and considerably smaller than the uncertainty in the absolute temperature change. The uncertainty analysis is based on a parameter variation. By applying this parameter variation for the difference in the temperature change (Equation (1)) rather than the absolute temperature change, even small differences have the chance to become statistically significant (see also Section 3.5). Figure 6 shows the intercomparison of the climate impact of configuration A, B, and C. The applied metric is the temperature change in 2100 of either configuration compared to the mean value of all three configurations. For a conventional combustion chamber (Conv), configuration A and C show significantly smaller temperature change than configuration B. For LPP technology (LPP), configuration A has the lowest overall climate impact.
DISCUSSION

Comparison to supersonic programs
An important conclusion of this investigation is the large effect of the cruise altitude on the impact on climate due to non-CO 2 contributions, which confirms earlier findings (3, 4) . Table 6 gives an overview on previous research programs on supersonic transport over the last ten years. Differences occur in the size of the aircraft, ranging from small aircraft (8 to 10pax, NASA The contribution of the S4TA fleet to the estimated total air traffic fuel consumption is small (0·06%) and hence hardly visible in Fig. 3 . The CO 2 concentration due to air traffic, as calculated with AirClim, is increasing even after the emissions are kept constant (bottom), because the lifetimes of CO 2 perturbations are in the order of decades.
Chemical changes and ozone depletion
Changes in the atmospheric composition are calculated with the simplified climate-chemistry model AirClim, which has been developed and validated for supersonic transport applications (5) . Figure 4 shows the impact of the HISAC fleets and the scaled SCENIC fleet on water vapour (left) and ozone (right) for 2050, i.e. at the time where the full fleet is established. Roughly an increase in water vapour in the order of 0·1 ppbv and in the Northern Hemisphere mid and high latitudes at a round 100hPa (~18km) and a decrease in ozone of around 20 pptv in the tropics at around 10hPa (30km) and higher latitudes at around 50hPa (~22km) is simulated. The global mean ozone depletion is in the order of 0·0005% relative to the background ozone concentration. The lower flight altitude of the HISAC aircraft compared to the SCENIC fleet (bottom, left) leads to smaller accumulation of water vapour in the lower stratosphere by a factor of ten. Configuration C is characterised by both, higher fuel consumption and a high cruise altitude, which leads to a slightly larger water vapour accumulation compared to configurations A and B. Largest ozone depletion among the three configurations is caused by aircraft C again due to the higher altitude and larger fuel consumption, which outweighs the low emission index for NO x of configuration C (Table 5) . Configuration A causes the lowest ozone depletion of around 25pptv in the tropical stratosphere.
A factor of two is achieved by LPP technology in reducing the ozone depletion, i.e. from 50 to 25pptv, roughly (not shown).
Climate change
Emissions of a potential S4TA fleet change the composition of radiatively active greenhouse gases and hence affect climate. Figure  5 shows the temporal evolution of the climate impact caused by a supersonic fleet for the different configurations and for comparison for the SCENIC fleet, scaled to the same fuel consumption. The temperature change by 2100 is calculated to be around 0·08mK. ratio between sub-and supersonic transport. This ratio between suband supersonic transport is shown in Fig. 7 for the fleets from IPCC, SCENIC and HISAC. The respective subsonic fleet is scaled to one. The climate impact in terms of radiative forcing is calculated as the ratio of the climate impact of the supersonic fleet and that of the respective subsonic fleet. The intercomparison is based on carbon dioxide, water vapour, and ozone perturbations. The supersonic to subsonic ratio is 14 and 6 for the IPCC and SCENIC fleets, respectively ( Figure 7 ). For the HISAC subsonic fleet, we assumed that (1) the ratio of CO 2 to non-CO 2 effects is the same as for the SCENIC subsonic counterpart and (2) the ratio between the fuel consumption of the super-to the subsonic aircraft is around three, based on IPCC, SCENIC and expert knowledge. A 15% uncertainty range is taken into account for these two assumptions as well as for the non-CO 2 effects of the HISAC fleet. A parameter variation leads to a best estimate of a factor of 3 and an uncertainty range of ±0·4. The 15% uncertainty range implies a factor for the fuel consumption of 2·55 to 3·45 between a S4TA and a subsonic counterpart. If this factor is reduced to 2, e.g. for long range missions, the overall climate impact factor is reduced to 2·0 ± 0·2. Clearly, the impact of non-CO 2 effects is increasing with increasing altitude. At cruise altitudes between 17 and 20km the non-CO 2 effects are dominating, whereas at cruise flight 15 to 16km the non-CO 2 effects on climate are comparable to the CO 2 impact. and HISAC) to large aircraft (250 to 309pax, SCENIC, HSRP, IPCC) as well as for fleet size (250 to 1,000 aircraft) and main cruise altitude ranging from 15 to 21km. This leads to very different impacts on fuel consumption and climate, varying by some orders of magnitude.
A more detailed intercomparison with the results obtained by NASA (15) is difficult, since the underlying assumptions vary strongly. However, scaling the total ozone depletion obtained by their fleet, flying at 16km, with an emission index of nitrogen oxides of 20g/kg fuel to the respective HISAC values leads to an ozone depletion of around 0·0008%, which is close to the value obtained in this work. Moreover the pattern in the ozone and water vapour responses in their work are very similar to ours, with the water vapour perturbation refined to the Northern Hemisphere and ozone perturbations having two layers, one with ozone depletion at high altitudes and ozone increase at lower altitudes.
The investigation of the impact of cruise speed on climate impact of a fleet of aircraft requires both a well described subsonic and supersonic fleet, serving the same transport demands and transport volume. For some of the projects (IPCC, SCENIC) such a direct intercomparison is available. However, for HISAC, no subsonic counterpart has been investigated. Therefore, we have to make a number of assumptions on a respective subsonic fleet for which we perform a parameter variation to obtain a range of climate impact (6) , which are discussed in Section 5.2. Since this is likely to be similar for a subsonic counterpart (see above), the ratio of the climate impact of super-to subsonic aircraft approximately scales with the ratio in the fuel consumption.
Options for future aircraft design
The evaluation of the climate impact as performed in this study requires calculations of trajectories and emissions along trajectories, which then serve as an input to the simplified climate-chemistry model AirClim. This approach is hardly applicable in aircraft design, since it is too resource demanding. Therefore, a simplification was suggested (6) , which directly relates, for given engines and combustion chambers, aircraft/engine parameters (cruise altitude, Mach Number, fuel flow, and total fuel consumption) for cruise conditions to near surface temperature changes in 2100. Hence the climate functions evaluate the climate impact at cruise conditions for a global mean atmosphere. The results of these climate functions are included as circles in Fig. 6 . It shows that they represent the main features obtained with the more detailed AirClim model, i.e. configuration A has the lowest climate impact and configurations B and C have a similar impact for the LPP technology. However for the conventional combustion chamber the results of the climate functions are overestimated for configuration B and give lower results for configuration A compared to AirClim. This confirms the recommendations on the use of the climate functions (6) as an indicator for tendencies rather than for estimates of the absolute climate impact.
CONCLUSION
The climate impacts of three families of supersonic small-scale transport aircraft (S4TA) were studied. The aircraft were designed with respect to weight minimisation (A), range maximisation (B) and sonic boom minimisation (C). The methodology is based on geographically representative flight trajectories on which emissions were calculated for two different combustion chambers. The results show:
• A similar total climate impact for all configurations of 0·08mK (0·07 to 0·1mK) in 2100 and a small reduction of the ozone layer of around 0·0005%.
• A slightly, but statistical significantly smaller climate impact for configuration A, because of a slightly lower flight altitude.
• A ratio of 3 ± 0·4 in the climate impact between a S4TA and a subsonic counterpart.
• A confirmation of applicability and previously estimated limits of more simplified approaches (climate functions). Previous studies on the impact of a fleet of S4TA concentrated on the effect on the ozone layer, suggesting only a little impact on stratospheric ozone for cruise altitude between 13 and 15km (17) and are expected to be quite small for a fleet of S4TA (10) . But those studies did not estimate a climate impact.
For future investigations it is recommended to estimate global movements of business jets to reduce uncertainties arising from assumed flight pattern. Although it is not expected that contrails play a dominant role in the climate impact caused by a substitution of subsonic by supersonic small-scale aircraft, it would be helpful to confirm that the findings for large passenger aircraft (7) are applicable to S4TA fleets.
